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To study the biology of regulators of G-protein signaling (RGS) proteins and to facilitate the identilicatioii of small molecuic 
inodulaTors of RGS proteins, the authors recently developed an advanced yeast 2-hybrid (YTfi) assay format for GaZ and 
RGS-Zl . Moreover, they describe the development of a multiplexed lucifemse-bascd assay thai has been successfully adapted 
to screen large numbers of small molecule modulators of protein-protein interactions. They generated and evaluated 2 differ- 
ent luciferase reporter gene systems for YTH jnteracdons, a Gal4 responsive firefly luciferase reporter gene and a Gal4 re- 
sponsive Remlla luciferase reporlca* gene. Both ibe firefly and Renilia luciferase reporter genes demonstrated a 40- to 50-fold 
increase in luminescence in strains expressing interacting Y7^ lijsion proteirs vci*sus negative control strains. Because the 
firefly and Renilla luciferase proteins have different substrate specificity, xhe assays were multiplexed. The multiplexed 
luciferase-based YTH platfonn adds speed, seositivity, simplicity, quantification, and efficiency to YTH high-throughput ap- 
plications and tbersfore greatly facilitates the identification of small molecule modulators of protein-protein intieracdons as 
tools or potential leads for drug discoveiy effons, (Journal of Biamolecular Screening 2003:676-684) 
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INTRODUCTION 

HETERCTTRIMEBJC G-PROTnEINS play an important role jn di- 
verse ceUular processes by transmitting signals from 7- 
iransmembrane receptors to intracellular signaling pathways.'*^ 
Although G-proteins consist of a and Py subunits, they are classi- 
iied by the identity of the guanine-binding a subunit, and to date, at 
least 20 human genes have been identified Ga subunits are in an 
active state when bound to GTP and are inactivated when GTP is 
hydrolyzed by the Ga subunits* intrinsic GTPase activity.' Re- 
cently, a novel class of proteins has been identified that attenuates 
the acuvity of heterotrimeiic G proteins.*"^" These regulators of G 
protein signaling (RGS) proteins fijncnon by modulating the en- 
dogenous GTPase activity of the Ga subunits. thereby allowing 
the signal through G-proteins to turn off more rapidly (than endog- 
enous GTPase activity) after removal of ligand and to inhibit 
background signaling. 
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To Study the role of G-protein signaling and RGS modulation in 
the etiology of netixopsychiairic disorders such as depression and 
anxiety, we decided to focus our investigation on GctZ and RGS- 
Zl . GctZ is of particular interest due to a very limited expression 
pattern (mainly in the retina, brain, and adrenal medulla),'' 
whereas many other Ga subunits are more ubiquitously expressed. 
In addition, GaZ is pertussis toxin insensitive,' ' which further dis- 
tingtiisbes it from other Ga subunits. Expression of RGS-Zl , how- 
ever, is limited to the brain, with a pamcolar high level of expres- 
sion in the caudate nucleus. ^ Furthermore, GoZ Vnock-out mice 
demonstrate decreased (antidepressant) effects of catecholamine 
rcaptake inhibitors as well as an increased response to cocaine and 
a reduced analgesic effect of morphine A compound that is able 
to inhibit RGS-Zl function is speculated to prolong GoZ^linked 
receptor function, which may, at least in part, be opposite to a GaZ 
knock-out In addition, because RGS-Zl can also enhance the en- 
dogenous GTPase activity of Gai-1,'^ inhibitors to RGS are 
anticipated to have potential dierapeutic utility in the treatment of 
depression and neuropathic pain. 

To further study the biology of RGS proteins and identify po- 
tential small molecule tools that modulate RGS-Zl, a high- 
throughput screening (HTS) platform was developed based on the 
yeast 2-hybrid'* (YTH) interaction between a consritutativejy ac- 
tive GaZ(Q205L)'^ and RGS-Zl.'^ Previous YTH screening 
methods used an agar-based platform." To develop a YTH-bascd 
assay format amenable for high throughput, we investigated ]uci- 
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ferase rqsoner systems. Despite being commonJy used as a le- 
poTtEr gene in mammalian cell-based systeinsj" luciferase (luc) 
has not been used in an analogous manner in yeast'* In addition to 
firefly (fi pyralis) luciferase,"** many mammalian cell-based sys- 
tems use Ihe luciferase enzyme from die anthozoan coelenteratE 
Renilla renlformis (sea pansy) as a control reporter,^' The light pro- 
duced by fii'efly luciferase involves the oxidation of beetle 
luciferin in a reaction requiring ATP and Mg^*, whereas the light 
produced by Benilla luci ferase involves the oxidation of 
coelenierazine, which is not dependent on ATP and Mg^. More 
importantly, this substrate specificity allowed the sequential 
measurement of both luciferase enzyme activities inside the same 
assay well (multiplexed assay).^ Furtiiermon:, the use of a lucafer- 
a'ie-based YTH assay system enabled enhanced sensitivity and 
pro\'ided quantitative diata over a large dynamic range, whereas the 
availability of luciferase substrates with a long light emission half- 
life enabled the adaptation to 384.well HTS platfomis. 

Here we describe the generation and evaluadon of 2 luciferase 
reporter gene systems for YTH interactions, a Gal4 responsive 
firefly luciferase (PF-Luc) reporrer gene and a Gal4 responsive 
Renilla luciferase (Ren-Luc) reporter gene. Both the fucfly and 
Renilla luciferase reponer genes demonstrated a 40- to 50-fold in- 
crease in luminescence in sirains expressing interacting YTH fu- 
sion proteins versus negative control smains. Standard YTH 
auxotrophic reporter genes such as His3 or Leu2 link positive pro- 
tein-protein interactions to a change in yeast cell phenotype 
(growth) on selective media.^ The YTH luciferase reponers de- 
scribed here significantly decreased assay time (hours vs. several 
days) as compared to standard auxotrophic irporters^ and in- 
creased sensitivity as compared to commonly used YTH reporters. 
In addition, each luciferase single reporter assay was adaptable to 
HTS format, and 2 separate yeast strains containing either the, fire- 
fly or the Renilla luciferase reporter gene could be multiplexed. 
T^ie multiplex fonnat enabled internal controls and assay effi- 
ciency for 2 screens to enable simultaneous identification and ad- 
aptation of small molecule modulators, as tools and potential drug 
discovery leads for multiple protein-protein interactions. 

MATERIALS AND METHODS 

Molecular reagents 

Standard molecular biology techniques were used as described 
elsewhere.^* PGR reagents were from BD Biosciences Clontech 
(Palo Alto, CA) and Siratagene (La JoUa, CA). Oligonucleotides 
were purchased from Invitrogen (Carlsbad, CA). The complete 
ORPs for GaZ and RGS-Zl (Genbank accession numbers J03260 
and AF074979j respectively) were cloned from, a human brain 
cDNA library (quickclone cDNA, BD Biosciences Clontech, Palo 
Alto. CA) by PCR amplification. PCR primers were designed ai 
the 5' and 3' ends of the open reading frame of GaZ and RGS- 
Zl. PCR amplification was performed under standard buffer 



conditions using a cDNA Advantage cDNa kit (BD Biosci- 
ences Clontech, Palo Alto, CA). The primers used were GaZ- 
fwd 5'-aTGGGaTGTCGGCaAA GCT CaGAGGAAA-3' and 
GaZ-rcv 5'-CAAGGGGTGGGG GACATT-3* and RGS-Zl -fwd 
5*-CCCGGCCGGCAGGTGGAC-3' and RGS-Zl -rev 5'- 
(TTCaTGCAAAATAAAAGTGGTTC-S Amplified DNA frag- 
ments corresponding to die expecied product lengths for GaZ and 
RGS-Zl, respectively, were gel purified using GeneCl^an Spin 
columns (Q-Biogene, Carlsbad, CA). The gel-puiified frag- 
ments were then TA-subcloned in the pCRlI-TOPCp vector 
(Invitrogen, Carlsbad, CA). Inserts of several individual clones 
wens confirmed by fluorescent dye terminating sequencing. The 
pCRIT plasmid containing the entire wild-type OKF of CpaZ was 
digested with Ncol and EcoRl. The insert containing the GaZ ORF 
was gel purified and ligated directionally in frame in the Ncol and 
EcoRl sites of the vectors pGBKT7 and pACT2 (BD Biosciences 
Clontech, Palo Alto, CA). The pCRII plasmid containing die ORP 
of RGS-Zl was digested with J^^tol and BamHl, blunt ended, and 
after gel purifi cation, ihe insert was ligated in frame in the Smal site 
of pGBKT7 and pACT2. The Q205L mutation in GotZ was gener- 
ated In the pGBKT7 and pACT2 plasmids using the QuickChangc 
kit (Stratagene, La Jolla, CA) and the primers 5'- 
GTGGGGGGGCTGAGGTCAGAG-3' and 5'-CTCTGACCT 
CAGCCCCCCCAC-3'. Mutants were identified by sequence 
analy.sis of ihe resulting colonies. 

YTH luciferase reporter vectors 

A Gal4 firefly luciferase reponer plasmid (pEKl_FF-Luc) was 
desciibed previously.*^ A Gal4 responsive Renilla luciferase re- 
porter plasmid (pEKl_Ren-Luc) was created by release of the R. 
renifonnis luciferase gene from pRL-null (Promega, Madison, 
WI). followed by a blunt-end ligation downstream of the Gal4 re- 
sponsive promoior in pEKl pla^mid.^ To improve the stability and 
half-life of the Renilla luciferase protein, the most 3' cysteine resi- 
due was mutated to on alanine as described previously.^ 

Generarion of YTH sira ins 

Ycasi transformations were earned out as described previously 
using the Li-acetate method and grown on synthetic complete 
drop-out media to maintain plasmids.^' The activation domain and 
binding domain vectors contabing GaZ(Q205L) and RGS-Zl 
vvere transformed into yeast strain CY770^ together with a ura- 
marked plasmid containing one of the luciferase reponer genes 
(firefly or Renilla luciferase). Similar strains expressing the potas- 
sium channel Kv4.3 (binding domain YTH vector) and its interact- 
ing protein KChlPl (potassium channel interacting protein 1) (in 
the actjvation domain YTH vector) were constructed.^^ 
Transformants were grown for 3 to 4 days at 30 **C on SC -ura, -leu, 
-trp medium. Representative colonies of each transformation were 
tested for luciferase activity. Briefly, colonies were inoculated in 
3 ml SC -ura, -leu, -tip medium and grown overnight at 30 ''C, The 
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next morning, ODggo >vas measuitd, and culture densities were ad- 
justed to an ODgjo of 0.2. Cdls were dien seeded in 96-weD plates 
(100 and grown for an addilional 3 h, Ludferasc substrate 
(Promega, Madison, WI) was added (100 [Xl), and die plate was in- 
cubated for 60 min at RT while shaking. .Luminescence was deter- 
mined using a TopCount plate n>ader (Packard/Perkin Elmer. 
Wellesley, MA), followed by the addition of 100 pi Benilla 
luclferase sobscrate "Stop & Glow" (Promega, Madison, WI) and 
subsequent reading of luminescence. 

High-throughput compound screening conditions 

Test and control yeast strains were mixed m SC-leu-tip-urame- 
diniD and diluted to OD^ of 0.2. Then, 25 fil of diluted mixed 
yeast strains was added to compound containing 3S4-well plates 
(10 compound [dissolved in 100% DMSO] per well, 14 M.g/ml 
final concentration). Yeast and compound were incubated for 3 h at 
RT, followed by the addition of 25 ^Il of firefly luciferase reagent 
(Promega, Madison, S^) to each well, and incubated for 1 Lu- 
minescence (firefly luciferase reporter) was determined using a 
Vjewlux plate reader {Perki.n Elmer, Wellesley, MA). After read- 
ing the firefly luciferase counts, using a Victor2 plate reader 
(PerTdn Elmer, Wellesley, MA) equipped with an injection system 
and interfaced in a Tbermo-CRS stacker-based robotic system 
Cnienno-CRS Lid., Burlington, Ontario, Canada), 25 pi ReniUa 
luciferase reagent (Stop & Glow, Promega, Madison. Wl) was 
added to each well individually, and luminescence was determined 
immediately (within seconds, due to the short half-life of the 
Rmilla luminescence). Approximately 26,800 compounds were 
assayed per day. Note thatrecendy, a glow-type /?i?nz7/£7 luciferase 
substrate has become available (Dual Glow Luciferase Assay Sys- 
tem, Promega, Madison, WI), allowing more flexibility in HTS 
logistics. For example, immediate plate reads are not necessary 
with the glow-iype substrate. 

HTS data regression analysis 

An SAS-based program^ with an Excel interface was devel- 
oped to calculate the means and standard errors for firefly (FF) and 
Renilla (RL) lucilwise assay data and to ploi the data by plate, row, 
and column. The wells at the edge of each plate can be deleted if a 
substantially diffeicnt pattern is observed in comparison to other 
weUs in the plate. Linear regression analysis was applied to the EF 
and RL data sets, respectively, which included 2 factors: plate and 
the time lag between filling a well with substrate and detection of 
luminescence. Because mechanical errors introduced either by 
photo-multiplier tube configurations or plate fill patterns re.sulted 
in some of ihe data sets to display a "zigzag" patiem in column data 
for both lucif eriise j^oners (see the Results section), the regres- 
sion analysis also contained an "odd or even" number colunm op- 
lion. The FF residuals and RL ntsiduals were then plotted. Com- 
pounds were selected for further testing based on residual values 



that fell within user-defined ranges of FF residual and RL residual 
values. 

Single-dose dual luciferase daia analysis 

Each compound that was tested using the test and control strain 
in tlie estabtished and the switched lucifera$e assay can be associ- 
ated with 4 variables: control-FF, control-RL, te.5i-FF, and'test-RL. 
Each variable was first standardized (divided) by its plate mean, 
and then 2 new variables were defined as diff 1 = (staridaniized 
control-FF) - (standardized test-RL) and difi2 = (stanldardized 
control-RL) - (standardized test-FF). After diff 1 and difi2 values 
were plotted for each compound, 2 positive numbers, b anph, were 
mtuitively chosen. The value of b and h derermdned the number of 
compounds that were tested in the subsequent dose-iesponse assay 
(number of "positive" compounds). The number h defined the size 
of the 9 areas in the plot of diff 1 and diflS (see also Fig. 4E), 
whereas the value of b was used to define a 4-dimensional space 
containing compounds that were considered toxic. As a result, 
compounds were classified as follows: "toxic," if all 4 standardized 
variables were less than b; "no effecC if abs(diffl) < h and 
abs(diff2) < b; '^positive;* if diffl > h and dijR > h or diff 1 < -h and 
diff2 <-h; "quencher," if diffl > h and diffi <-h. or diffl <:-h and 
diff2 > h; or '"unknown'" otherwise. 

Dual luciferase dose-response assay data analysis 

The data sset was analyzed using 2-way layout aNOVA with the 
factors of group, dose, and Group x Dose interaction. FF-Luc and 
RL-Luc data was first compared at each dose leve), and then the/?- 
values were adjusted using the Sidak-Holm step-dovra method^ to 
produce a comparison of test and control strain data over a given 
dose range. 

Single mmover GTPase assay 

The GTPase activity of GoZ and Goi-l proteins was deter- 
mined by examining free >Pj release fi-oni bound GTP as de- 
scribed previously.'^ A truncated version of tiie human GaZ pro- 
tein'^ corresponding to amino acids 24-350 waus subcloned as a 
NcoJ-Xhol fi-agment in pBT16b vector (Novagen, Madison, WI). 
Inserts were verified by sequence analysis. Recombinant GaZr 
6His protein was purified from Escherichia coli via standard 
Nickel-NTA resin-bascd chromatography. RGS-Zl, RGS4. and 
Gai-1 recombinant proiein were expressed and purified as de- 
scribed/^ 

RESULTS 

Design of dual luciferase YTH assay 

Previously, a YTH screen for small molecule inhibitors was 
conducted using an agar format. " To realize the speed and automa- 
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FIG. J. The jnteraction between constinitively active GaZ(Q205L) and RGS-Zl . BD and AD indicate Ga34 DNA binding domain and acdvaiion do- 
main fusion piolenns, respectively. (A) Mjs3 and FF-Luc represcni ycasl 2-hybrid CTU-l) histidine and firefly lucifenise reporter genes, respcctivtly. (B) 
Hisddine proiotrophy was observed when GaZ(Q205L) ^/as fused to Ihe G£i]4-BD and RGS-Zl was fused lo the Ga]4-Ar3 (boxed) bui no{ when ex- 
pressed as opposite fusion proteins. 1 = Kv4.3_BD/KChIPl,AC>, 2 = GctZ(Q205L)_BD/RGS^Zl.JVD, 3 = RGS-Zl_BD/GaZ(205L)_AD, 4 = 
empty JD/GaZ(205L)_AD, 5 = RGS-Z UD/einpty_AD, 6 - empty JBDyRGS-Zl_AD- (C) YTH luciferase reponer gene function. Individual isolates 
of GaZ(Q205L)/RGS-Zl YTH interaction (n = 1 0) nctivaied the firefly lucifcxasc reporter gene (FF-Luc), resulting in a luminescence signal that is ap- 
proximately 40-fold highqr than in negative contrTJl strains (Ga2(Q205L)/empty veaor) {n = 6). ; 




FIG. 2. Functionality of th&}ienilla rEniformis (sea pansy) luciferase yeasi 2-hybrid (YTH) reporter gene. The Kv4.3/KChIP YTH inieraction alsoac- 
ti vaied the R. tcmformis luciferase YTH reporter gene (A, C: K-UL). A 40-fold induction of the Rcnitln luciferase ruporto was obtained with the positive 
interaction pair (K-RL) vej^s negative conn-ols (Kv4.3/empty vector, mt-RL gr^ph B). The 2 Kv4.3/KChIPl strains, each having one of ihc luciferase re- 
porter genes (FF-Luc or Ren-Luc, A orB). were combined in asingle well and assayed forreporter gene activity (K-FFandK-RL, open and gray barin O- 



tion necBSsaiy to aggrt:ssively pursue potential modulaiois of pro- 
tein-protein interactions, YTH-based assays would benefit from a 
quantitative rapid reporter system that could be adapted into a liq- 
uid-based HTS assay formal. Because the majoriiy of the YTH re- 
porters currently in use have an assay window of several days«° we 
developed and validated the functionality of sevesral luciferase re- 
porter genes in various YTH interactions. We developed the func- 
tionality of the lucifcrase reporters vvith 2 different ^TH interac- 
tions, one being an intcracdon between a constitutively active 
GaZ(Q205L) and its regulator RGS-Zl (referred tn as the test 
strain), the other being an interaction between the potassium chan- 
nel Kv4.3 and the interacting protein KChlPl^ (control strain). 
The constitutively active GaZ(Q205L) interacts with RGS-Zl 
(Fig. lA) as is evident from positive growth on plates lacldng 
histidine (Fig. IB). Histidine auxotrophy was observed only when 
GcxZ(Q205L) was fused to the Gal4-BD (BD = DNA binding do- 
main) and RGS-Zl was fused to the Gal4- AD (AD = Dl^A acuva- 
tion domain) and not when fused in the opposite orientation. This 
is most likely due to conformational differences. The Kv4.3/ 
KChlPl YTH interaction was also able to activate the His3 
repoirer gene (positive control). 

The interacting YTH. fusion proteins also activated a Gal4 re-' 
sponsj ve firefly reponer gene (FF-Luc), As is shown in Figure 1 Q 
the GaZ(Q205L)/RGS-Zl YTH interaction was able to activate 
the firefly luciferase reporter gene, resulting in a luminescence sig- 



nal that was approximately 40-fold higher than in the negative 
control strains. 

To broaden the utility of our YTH-luciferase assay, a 2nd luci- 
ferase reporter gene was developed and evaluated using R, 
reniformis lucifenise downsneam of the Gal-UAS (Ren-Luc) and 
tested in our YTH assays. A 50- to 100-fold induction of the 
Ecnilla luciferase reporter was obtained with the Kv43/KChIPl 
interaction pair (Fig. 2A, 2C, "K-RL") versus negative controls 
("mi-RL" in Fig. 2C). These results were similar to the results ob- 
tained with the firefly luciferase reporter (Fig. 2B). As is also 
shown in Figure 2C, 2 Kv4. 3/KChIP 1 strains having different luci- 
fcrase reporter genes (firefly and Renilla) could be mixed in a sin- 
gle weD and assayed sequentially for reporter gene activity using 
duol-lucif erase assay reagents (K-FF and K-RL). 

The esiabli&lied functionality of both firefly and Renilla YTH 
reporcer genes allowed multiplexing YTH strains of interest In the 
multiplexed YTH assay, 2 yeast strains (test and control) were 
mixed together within the same well for HTS. This enabled inter- 
nal assay control, efBcacy in assay implementation, conservation 
of materials, and increased information generated per assay. Be- 
cause the luminescence output of the Renilla luciferase is substan- 
tially higher than that of firefly luciferase, the Renilla luciferase re- 
porter gene was used for the less robust of the YTH interactions, 
Ga£Z(Q205L)/RGS-Zl . This interaction/reporter multiplex design 
enabled the most comparable counts within the assay format. 
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FIG. 3. The dua) lucjferase multiplexed high-ihrougbpui yeast 2- 
hybiid (YTH) assay. The test strain vdih the RcnUla lucifeme reporter 
(Rcn-Luc) end ih^ control strain with the firefly lucifcriise reporter CFF- 
Luc) were mixed wiihiti a single well for high-throughput screening. 
Compounds that were able to block the ijiteraction between 
GaZ(Q205L) and RCjS-21 negate n?porter gene activity and were identi- 
fied by ix deci^tuse in Renilla lucifcrase activity. The Kv4.3/KChlP inter- 
action was not affected by this compound; the YTH interaction resulted 
in an incit^as^sd firefly luciferase activity, 

\ 

Compounds that were able to affect the interaction between the 
GocZ(QZ05L) and RGS-Zl fiisjon proteins wotild be identified by 
a decrease in Renilla luciferase activity (Fig. 3). Due to the multi- 
plex format, die same compounds were simultaDeously tested on 
the Kv4.3/lCChlP (control) strain lo enable deiermlnaiion of com- 
pound specificity. If tiie Kv4.3/KChIP interaction is not affected 
by the same compound, the YTH interaction will result in an in- 
crease of firefly luciferase activity. Nonspecific or toxic com- 
pounds affectiiig the GaZ(Q205L)/RGS-Zl interaction may also 
affect the inlemction between Kv4.3 and KChIP and would there- 
fore result in a decrease in both the firefly and Renilla luciferase 
signals. 

HTS screening and data analysis 

Approximately 360,000 chemically diverae and random com- 
pounds were screened in the multiplexed dual luciferase YTH as- 
say. Renilla luciferase and firefly luciferase raw data from the test 
and control strains were subjected co regression analysis {SAS^ 
based; Fig. 4) to detect and correct automation-induced mechani- 
cal bias in the data set Means and standard errors were calculated 
for the test strain and control strain data and plotted by row and col- 
umn (Fig. 4A, B, C). As is evident from all plots, the samples in the 
outer wells of the plate exhibited a different pattern from other 
wells in the plate. Edge effects may be due to volume, temperature, 
and evaporation differences. Thus, dar^i points from the outer wells 
(18%) were not included in the data analysis because they conuib- 
uted significantly to mechanical bias that affects type I and type II 
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FIG. 4. Regression analysis of Renilla luciferase and firefly luciferase 
raw data from test and control sttnins identified automadon-induced me- 
chanical bias. Means and standard enors were calculated for test strain and 
control strain data and plotted by row and column. Samples in the outer 
wells of tlie plate exhibited a substaniially different pattern from other wcUs 
in the plate (A, B, C). Analysis of test data by row {Renilla reporter) identi- 
fied a drift in basehne (A). A typical up-and-down movement for both test 
and control strain was detectable in data analyzed by column (both test and 
control strain, C). Plot of residual values for both test and contrdl strain (D) 
was used to select compounds for additional testing. Single-dose assay data 
were analyzed and plotted (E) by a custom SAS-based Excel program. This 
program grouped compounds Into 6 categories; positive (test strain), posi- 
tive (control strain), no effect, toxic/nonspecific, quencher, or unknown 
based on preset cutoff values. Compound data fiom the single-dp$e experi- 
ments were nonnaliied and plotted. Compounds that were able to affect the 
test protein-piotcin inii»^tion will have a substantially greater lumines- 
cence difference between test and control strain and were considered posi- 
dvc intciEctin^ compounds. 



error. Analysis of the test strain data (RGS-Zl with Renilla le- 
poiter) by row enabled detection of a different plate bias; the upper 
left comer wells had statistically lower values than (he lower right 
comer wells within a plate (Fig. 4A). Due lo the short half-life of 
the Renilla luciferase signal, each assay well individually received 
Renilla substrate, and luminescence was determined immediately. 
Tlierefore, because the first substrate (fij^y) pcrmeabilized the 
cells, wells diat were read late in the assay have a longer exposure, 
which accounts for the drift in the baseline. Linear regressions 
were applied to the remaining test and control strain data. The (test 
and control strain) data analyzed by column showed a typical up- 
and-down movement (Fig. 4C). This effect was present in both sets 
of data (test or control strain), despite the 2 luciferase 
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luminescences being detected using different readers, and it is 
most likdy due to ihe initial fill partem pf the 384- well platen. The 
regression analysis, however, accounied for odd or even column 
placement and was able to significandy reduce the impact of this 
effect on subsequent data analysis. 

Following rtgitssion analysis, which corrected mechanical 
anomalies, residual values for each compound were calculated by 
subtracting the plate's average from the adjusted (bias- 
coiTBcied) values. Residual values for test and control strain, re- 
spectively, were plotted and were then used as a \dsual assessment 
tool (Fig, 4D), Compounds with a residual value of approximately 
0 were considered to have no effect on the YTH interactions (test 
or control), whereas compounds with very negative residual values 
for both test and control strains were consideiBd toxic or nonspe- 
cific. Preliminary testing of a subset of compounds revealed that 
certain compoundsS had a direct or indirect inhibitory effect on the 
iQciferase enzyme or light production. Hiese quenching com- 
pounds were found to have a small negative residual value for the 
test strain and a value close to Q for the control strain and vice vasa. 
By focusing on compounds with moderate negative residual val> 
ues for the te,<;t strain versus the conn-ol strain (and vice versa), ap- 
pmximately 3000 compounds were selected for jfunher analysis. 
After l^urther evaluation considering LipinksJd rules^ and addi- 
tional filtering criteria,^' 850 compounds wert: subselected. 

HTSfoUow^up assays 

The 850 selected compounds were tested in a single-dose assay 
(30 |iM compound) in 2 configuradons: First, the compounds were 
tested in the assay as described above (lest strain with Rehilla re- 
porter gene and control strain with firefly reporter). Second, the 
compounds were also tested in a switched YTH assay format, 
wheit ihe reporter genes were paired widi the other protein inter- 
actioh (test snrain with firefly reporter and control strain with 
ReniUa reporter). The switching of reponer genes allowed deter- 
minadon of those compounds that have a direct (inhibiting) effect 
on the luminescence (false positives). The single-dose assay re- 
sulted in 4 data sets that woe analyzed by a second SAS-based^ 
Excel program. This program groups compounds into 6 categories 
based on preset cutoff values: positive (test strain), positive (con- 
trol strain), no effect, toxic/nonspecific, quencher, or Unknown 
(unclear data). Compound data from the single-dose experiments 
were normalixed by the plate average and plotted (Fig. 4E). Com- 
pounds that affected the test protein -protein interaction have a sub- 
stantially greater luminescence difference between test and control 
strains and are considered to be positive intej'acting compounds. 
The single-dose assay identified approximately 75 positive inter- 
acting compounds for the test stmin protein -protein interaction and 
65 positive interacting compounds for the control strain interac- 
tion, con^sponding to a combined confinnation rate of 16.5% 
(140/850). This represents a more stringent validation because the 
follow-up assay (in contrast to the HTS assay) includes seleaivity 
filters for toxic, quenching, and nonspecific compounds. 




B WAr-243 (awiichea repofiBfB) aY-20S (ewUched reporters) 




Dose (MM) Do5e{uM) 

FIG. 5. Dose-response plots for 2 potential intcracdng compounds for 
i^c (WAY-243) and control strain (aY-205). Compounds were tested at 
doses between 0 and 1000 pM. The compounds wen: simultaneously 
itsUid in the established assay (A) and a parallel assay with switched luci- 
ferase reponer genes CB). Compounds ^vcTt consjdftttsd interacting when 
tliey exhibited a significant (p < 0.001) dose-response difterence (between 
test and control group) over At least 3 consecuiive doses and if their dose-re- 
sponse plots depicted sinular trends when the luciferase reporter genes 
were switched. Data arc shown as means ± SE of triplicate measurements. 



The positive interacting compounds were then subsequently 
tested in parallel dose-response assays using established and 
switched reporter gene formats described above. Compounds 
were tested in triplicate at doses between 0 and 1000 pM. Dosb-ib- 
sponse data then analyzed using a 2-way layout ANOVA 
with 3 factors: group, dosc» and Group x t)ose interaction (see ex- 
perimental protocol). Using the Sidak-Holm siep^down method,^'-' 
compounds were considered confirmed when a significant (p < 
0.001) dose-i^sponse difference (between test and control group) 
was observed over at least 3 consecutive doses and when the dose- 
response cun'es showed similar trends in both the established and 
switched reporter gene formats (Fig. 5). Dose-iesponsc data analy- 
sis of this compound set resulted in the identification of 7 con- 
firmed compounds (from 75) that could inhibit the interaction be- 
tween GaZ(Q205L) and KGS-Zl (9^% hit rate) as weU as 2 
confirmed compounds (from 65) tliat are potential inhibitors for 
the Kv4.3/KChIPl interaction (3.1 % hit rate). As is shown in Hg- 
ure 5, WAy-243 was the most potent positive interacting com- 
pound for RGS-Z J /GaZ(Q205L) (p < 0.001 for all doses 
than 10 ^M), whereas AY-205 was the most potent positive inter- 
acting compound for the Kv4.3/KChIPl interacdon (p < 0.001 for 
doses between 3 and 300 |jlM) in the dua] lucjferase YTH dose re- 
sponse analysis.. 

The? confii-med inhibitors of the RGS-Zl/GaZ(Q205L) inter- 
action were taken fonvard into a single turnover GTPase assay. *^ 
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WAY-243 iixM) WAY-243 (pM) j 

FIG. 6. WAy-243 inhibits the CTP hydrolysis of GaZin a GTBise assay. Increasing amount of WaY-243 was incubated with either (A) ACftM ROS- 
Z3 and 15 nMGaZat4X find Tractions were stopped after lOmin. or (]B) with50aMRGS4and50nMGai-l alO^Candreactions were stopped after 30 
sec. Dose^dependent inhibition of GTP hydrolysis in the presence of WAy-243 is depicted as percent GTPasc activity (rario of GTPase activity jcpm] with 
and wiiliout KGS). Data are shown as means ± SB of triplicaifi nieasuremenis. i 



Using fall-length recombinant RGS-Zl and CaZ proteins, the 
ability of the compounds to functioDally inhibit the GAP function 
of RGS-Zl was tested. Two compounds, by inhibitiiig the GAP dc- 
tivjty of RGS-Zl, were able to ftinctionally affect the GTPase ac- 
tivity of GaZ in a dose-dependent manner. The compound WaY- 
243 showed the best activity consistent with the inhibiioiy effects 
seen in yeasL WAY-243 decreased GTP liydrolysijs with increasing 
concentrations of WAY-243 only in the presence of RGS-Zl 
(Fig. 6a). The (estimated) IC50 of WAY-243 U ^proximately 50 
jiM. Furthermore, die selectivity of WaY-243 for inhibition of 
RGS-Zl to Gap GotZ was determined by testing the compounds' 
ability to aifectRGS4 GaP activity of Gai-1 (Fig. 6B). GTPase re- 
sults indicate that WAY-243 has only minimal effect on RGS4 
GAP function, with a predicted IC^ of >300 |iM. 

DISCUSSION 

Here we describe the successful adaptation of a liquid-based 
dual lucil^se YTH assay into an ITTS platform that enabled the 
simultaneous identification of small molecule modulators for 2 in- 
dependent protein-protein interactions. The simultaneous screen- 
ing of 2 independent protein-protein interactions adds speed and 
simplicity, as well as intra-assay well control. Initial HTS of di- 
Vttse chemical entities using this dual lucifcrase YTH assay for- 
mat resulted in more than 700,000 data points for the 
GaZ(Q205L)/RGS-Zl (test snain) and Kv4.3/KChIP1 (control 
strain) inrewctions. During validation of this large data set, regres- 
sion analysis of HTS data revealed a variety of automation-in- 
duced mechanical biases. An "edge effect** was detected in sam- 
ples in the outer wells of the plate that exhibited a different 
luminescence pattern. This edge effect, which may be due to vol- 
ume, temperature, and evaporation differences, contributed signif- 
icantly to the mechanical bias, and therefore samples from the 
outer weUs were eliminated from further anidysis. Tlie .remaining 
test and control strain data contained some mechanical bias that 
was easily conrected by linear regressions. This firsi-pass regres- 



sion analysis of HTS data identiiied approximatdy 3000 com- 
pounds that were considered for follow-up screening. This set of 
3000 compounds was then condensed further to approximately 
850 compounds using filters for drag-Ii3?:e properties of the repre- 
senting structures. Tfesting this sec of 850 compounds in a single- 
dose format identified a smaller number of compounds &at could 
be considered as putative inhibitors for either test or control pro- 
tein-protein interactions. Dose-icsponse characteristics of these 
compounds resulted in the identification of 7 compounds as 
modulators for the GaZ(Q205L)/RGS-ZI interaction and 2 
compounds that afifected the Kv4.3/KChIPl interaction. 

A small percentage of compounds was found to have direct jj?- 
hibition of either firefly or Renilla lucif erase activity or both. 
Quenching compounds were efficiently identified in the single- 
dose assay using both the established and the ^witched luciferase 
reporters. Chemical entities having quenching characteristics 
could potentially be false negatives, but fhdr impact was small in 
relation to the successful identification of true interacting com- 
pounds. The interacting compounds identified in this study pro- 
vide a base for analog and substructure searches and would lhea«- 
fore compensate for potential chemical entities missed in the 
primary HTS screen due to the mechanics of the assay format. Be- 
cause tiije blocking of protein-protein interactions described in this 
study resulted in decreased luciferase activity, a higher false posi- 
tive rate may be anticipated because toxic or otiier effects inde- 
pendent of the protein-protein interaction would affea reporter 
gene activity. The SAS-based algorithms described here enabled 
rapid categorization of compounds into distinct subclasses, 
thereby segregating true positive compounds from compounds 
with effects independent of the protein-protein interaction (such as 
toxic and luciferase quenching compounds). 

One of the potential interacting compounds of die GctZ/RGS- 
Zl interaction (WAY-243) was able to functionally block the GAP 
activity of RGS-Zl in a single turnover GTPase assay with an Id^ 
of 50 |iM (estimated). Moreover, iliis compound was selective for 
RGS-Zl and did not have any effect on RGS4 GAP activity (IC50 > 
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300 jjM). This biochemical in vitro analysis fmther strengthens the 
udlity of the multip)e,^ed dual ladferase YTH assay. Rapid identi- 
fication of compounds via this plaifom enables SAR and 
combichem approaches toward development of enhanced small 
molecule modulators as better tools. 

The compounds we have identified wjJl be characterized in 
more detail in additional downstream flincdonal in vitro and in 
vivo assays, such as a GTPase assay for modulators of the GaZ/ 
RGS-Zi interaction and electrophysiological assays for blockers 
of the Kv4.3/KChIPl interacdon. The multiplexed luciferase- 
based YTH assay accelerates the early stages of the drug discovery 
process by identifying new classes of pharmacological entities for 
2 independent target protein-protein interactions in a re]ati.vBly 
short lime frame. These compound classes can then be subjected to 
fiinher investigation in subsequent functional assay and molecular 
modeling efforts. 

CONCLUSIONS 

The multiplexed dual lucifcrasc-based YTH assay formal pro- 
vides a platform amenable to high-ihi'oughput automated applica- 
tion adding speed and efBciency necessary for the demands and 
challenges associated with identifying small molecule modulaiore 
of protein -protein interactions. The Ga]4 responsive lucifeiase re- 
porters significantly decrease assay time, from days to hour?, as 
compared to iht YTH auxotrophic reporter systems. Furthermore, 
the quantitative nature of the assay data enables correction for me- 
chanical bias and, more important, electronic capture and statisti- 
cal analysis. With the development of the appropriate analysis soft- 
ware, primary HTS data can be analyzed rapidly, and follow-up 
screening of confounds can be completed within shorter time 
frtoies. Furthermore, the multiplexed assay system enabled simul- 
taneous and efficient investigation of small molecule modulatois 
for multiple independent protein-protein interactions. These atnib- 
utes will substantially affect the identification of new drag entities, 
thus expanding the realm of dragablc laigcts in the pursuit of novel 
therapeutics. 
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